Introduction
Diabetic nephropathy (DN) is a lethal complication of diabetes and a leading cause of end-stage renal disease worldwide. [1] [2] [3] This progressive kidney disease is mainly caused by alterations in the glomerular capillary and tubular structure and function induced by disturbed glucose homeostasis. 4 A typical morphological change in DN is abnormal extracellular matrix (ECM) accumulation, which contributes to basement membrane thickening and consequent glomerulosclerosis and tubulointerstitial fibrosis. 5, 6 Although major advances in the diagnosis and treatment of DN have been made over the past few decades, it is still very difficult to significantly reduce mortality in this population. 7, 8 The pathogenesis of DN remains unclear. Several studies have demonstrated that chronic inflammation, oxidative stress, fibrosis, and dyslipidemia induced by hyperglycemia lead to renal injury through different signaling pathways, which may be pivotal factors in the occurrence and development of DN. 9, 10 Recently, thalidomide has been shown to have antiinflammatory and antifibrotic properties in animal models of myocardial, peritoneal, and pulmonary fibrosis. [11] [12] [13] [14] [15] It also protects against tubulointerstitial injury in adenine-induced chronic kidney disease in mice. 16 Accordingly, previous studies have demonstrated that thalidomide has antiinflammatory and antifibrotic effects in diabetic retinopathy, neuropathy, and cardiomyopathy by suppressing the levels of proinflammatory and profibrotic cytokines such as TNF-α, IL-1b, IL-6, and TGF-β1. [17] [18] [19] However, its effects on DN remain unknown. The purpose of this study was to investigate whether thalidomide prevents the development of renal injury in streptozotocin (STZ)-induced diabetic rats.
Methods animals
Healthy 8-to 10-week-old male, specific pathogen-free Sprague Dawley (SD) rats (weighing 200-230 g) were obtained from the Experimental Animal Center of Shanxi Medical University (Taiyuan, People's Republic of China). All experiments were performed according to protocols outlined by the Institutional Animal Care and Use Committee of Shanxi Medical University and were approved by the Ethics Committee of Shanxi Medical University. The animals were housed at a room temperature of 22°C±2°C and 45%±5% humidity, and fed a normal diet during the experiment.
experimental protocol
Rats (n=18) were rendered diabetic by a single intraperitoneal injection of STZ (Sigma-Aldrich, Inc., St Louis, MO, USA) diluted in citrate buffer (10 mM, pH 4.5) at a dose of 50 mg/kg. The normal control group (NC, n=18) was injected with an equal volume of citrate buffer. At 72 hours after STZ injection, blood glucose was measured after 8 hours of food deprivation and diabetes was confirmed if glycemia $16.7 mmol/L. Four weeks after STZ injection, diabetic rats were randomly divided into two groups (originally, n=9 each). The diabetic control+thalidomide group (DC+Thd) was treated with an oral dose of thalidomide (200 mg/kg/d, Changzhou Qianhong Biopharma Company, Changzhou, People's Republic of China) dissolved in corn oil for 8 weeks. The DC group was treated with an equal volume of corn oil without thalidomide. NC (n=9) rats were also treated with thalidomide (NC+Thd, n=9) according to the same experimental protocol as for the diabetic rats. The weight and blood glucose of all animals were evaluated once a week. The dosage of thalidomide was based on previous studies on diabetic animals. 20 At day 56 of drug administration, animals were housed in individual metabolic cages and 24-hour urine samples were collected. Arterial blood from the abdominal aorta was collected before the animals were sacrificed. The left kidneys were rinsed with cold isotonic saline and immediately frozen in liquid nitrogen until analysis. The right kidneys were weighed and fixed in 10% neutral-buffered formalin.
Biochemical estimations in plasma and urine samples
The blood samples were centrifuged at 3,000 g for 10 minutes. Plasma glucose, blood urea nitrogen (BUN), and serum creatinine (SCr) were measured by an automatic biochemical analyzer (Hitachi 917, Tokyo, Japan). Serum insulin was determined using "Mercodia Rat Insulin ELISA Kit" (Mercodia, Uppsala, Sweden). Urine albumin was measured using an ELISA kit from CUSABIO Engineering Co. (Wuhan, People's Republic of China).
histopathological analysis
For histological analysis, right kidneys were fixed in 10% neutral-buffered formalin, embedded in paraffin, and cut into 3 μm sections. The sections were stained with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), and Masson, respectively. Glomerulosclerosis was defined as the percentage of ECM deposition and mesangial expansion and evaluated for 20 cortical fields: 0, normal glomeruli; 1, matrix expansion occurring in up to 50% of the glomerulus; 2, matrix expansion occurring in 50%-75% of the glomerulus; 3, matrix expansion occurring in 75%-100% of the glomerulus. 21 The relative mesangial area was expressed as mesangial area/glomerular area (%). The degree of tubulointerstitial damage including tubular dilation, tubular atrophy, cast formation, and interstitial mononuclear cell and ECM accumulation (interstitial volume) was scored (1=,10%; 2=10%-25%; 3=26%-50%, 4=51%-75%, 5=76%-95%, and 6=.95%). 22 All images were assessed using Image Pro Plus 6.1 (Media Cybernetics LP, MD, USA). Quantitative analysis was conducted in a blinded manner.
immunohistochemical analysis
After deparaffinization and hydration, the slides were washed in Tris-buffered saline (TBS 
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renal-protective effect of thalidomide with primary antibodies (TGF-β1, catalog no ab92486, 1:500, Abcam, Eugene, OR, USA; MCP-1, catalog no ab25124, 1:500, Abcam; NF-κB, catalog no ab16502, 1:500, Abcam; fibronectin, catalog no 15613-1-AP, 1:300, Proteintech, Wuhan, People's Republic of China; collagen IV, catalog no 19797-1-AP, 1:300, Proteintech) at 4°C, the slides were washed in TBS. The horseradish peroxidase-conjugated secondary antibody was added and reacted at room temperature for 1 hour. The slides were then washed in TBS and incubated with diaminobenzidine tetrahydrochloride as the substrate, and finally counterstained with hematoxylin. Negative control slides without primary antibodies were made in the same manner. Twenty glomeruli were selected randomly from each group and positive staining within each glomerulus was measured by Image Pro Plus 6.1. Quantitative analysis was conducted in a blinded manner.
Western blot analysis
The left kidneys were extracted with RIPA lysis buffer (Beyotime Biotech, Jiangsu, People's Republic of China) and centrifuged at 12,000 g for 45 minutes at 4°C to obtain the supernatant. The protein concentration was determined using a BCA Protein Assay Kit (Beyotime Biotech). Samples containing 50 μg of protein were resolved by 12% SDS-PAGE electrophoresis and transferred to nitrocellulose membranes (Whatman International Ltd., Maidstone, Germany). After blocking for 1 hour, the membranes were incubated with the following primary antibodies at 4°C overnight: TGF-β1 (catalog no ab92486, 1:1,000, Abcam); Smad3 (catalog no ab28379, 1:1,000, Abcam); phospho (p)-Smad3 (catalog no ab63403, 1:1,000, Abcam); TβRI (catalog no sc-101574, 1:200, Santa Cruz Biotechnology); TβRII (catalog no sc-17791, 1:200, Santa Cruz Biotechnology); NF-κB p65 (catalog no #4764, 1:1,000, Cell Signaling Technology, Danvers, MA, USA); AMPKα (catalog no #2532, 1:1,000, Cell Signaling Technology); phospho (p)-AMPKα (Thr172) (catalog no #50081, 1:1,000, Cell Signaling Technology); β-actin (as an internal loading control, catalog no ab8226, 1:1,000, Abcam); GAPDH (as an internal loading control, catalog no #5174, 1:1,000, Cell Signaling Technology). After being washed in TBST, the membranes were incubated with corresponding horseradish peroxidase-conjugated secondary antibodies at room temperature for 1.5 hours and analyzed by the Quantity One analysis system (Bio-Rad, Hercules, CA, USA).
elisa
The level of activated AMPKα in renal cortex tissue was determined by a sandwich ELISA to measure p-AMPKα (Jianglai Bioscience Co., Shanghai, People's Republic of China) according to the manufacturer's protocol.
statistical analysis
Statistical analysis was performed using SPSS 19.0 software (IBM, Armonk, NY, USA). The values are presented as the mean ± standard error of the mean. Differences between the groups were measured by one-way analysis of variance and post hoc analysis with Bonferroni correction. Data were considered statistically significant at P,0.05.
Results

Physical and biochemical characteristics of diabetic rats
During the experiment, two rats in the DC group and one in the DC+Thd group died. Kidneys in the DC group were heavier than those in the NC group. Right kidney weight, ratio of kidney weight to body weight (K/W), plasma glucose, SCr, BUN, urine albumin, and 24-hour urine volume were significantly higher for the DC group than for the NC group (P,0.01) ( Table 1) . Meanwhile, body weight and serum insulin were markedly decreased in the DC group compared with the NC group (P,0.01) ( Table 1) . Thalidomide treatment reduced the renal histological alterations in diabetic rats
There were no differences in the histology characteristics between the NC and NC+Thd groups. In contrast, mesangial matrix expansion and basement membrane thickening in glomeruli and tubules were greater in the DC group than in the NC group. After treatment with thalidomide, renal morphological alterations were considerably improved in the DC+Thd group, as indicated by H&E, PAS, and Masson staining, respectively ( Figure 1A) . Notably, glomerular mesangial matrix expansion (P,0.01) and collagen deposition (P,0.05) were substantially reduced in the DC+Thd group compared with the DC group ( Figure 1B) . These results confirmed that thalidomide reduced diabetic renal damage.
effects of thalidomide on renal inflammatory and fibrotic cytokine expression
To investigate the effects of thalidomide on renal inflammation and fibrosis, the expression levels of TGF-β1, NF-κB, MCP-1, collagen IV, and fibronectin in diabetic kidneys were determined by immunohistochemistry (Figures 2A and 3A) . Consistent with the changes in the diabetes-induced histological alterations, the levels of the profibrotic growth factor TGF-β1 and associated ECM collagen IV, fibronectin, and inflammatory factors NF-κB and MCP-1 in the DC group were markedly higher than those in the NC and NC+Thd groups (P,0.01). After thalidomide treatment, the expression levels of all of the diabetes-induced renal fibrotic and inflammatory cytokines were significantly decreased (P,0.05) (Figures 2B and 3B) . These results suggest that thalidomide has anti-inflammatory and antifibrotic effects on diabetic renal injury.
Thalidomide treatment activated aMPK and suppressed the TgF-β1/smad signaling pathway in diabetic rats
The TGF-β1/Smad signaling pathway plays a vital role in the pathogenesis of renal fibrosis. Compared with the values in the NC and NC+Thd groups, TGF-β1, TβRI, TβRII, and p-Smad3 expression in the DC group were significantly increased. After treatment with thalidomide, the expression levels of TGF-β1, TβRI, TβRII, and p-Smad3 were markedly decreased (P,0.05) ( Figures 4A and B and 5A and B) . The expression of the inflammatory cytokine NF-κB showed the same trend (P,0.01) ( Figure 6A and B) . The expression of p-AMPKα was significantly decreased in the DC group compared with that in the NC and NC+Thd groups as demonstrated by both Western blot and ELISA (P,0.01). Treatment with thalidomide remarkably upregulated the expression of p-AMPKα (P,0.05) ( Figure 6C, D and E) . These results showed that the inhibition of renal inflammation and fibrosis by thalidomide may be attributable to the suppression of TGF-β1/Smad and the activation of AMPK signaling pathways.
Discussion
This is the first report to identify the beneficial effects of thalidomide against renal injury in diabetic rats. After diabetic rats were treated with thalidomide for 8 weeks, biochemical markers of renal function and renal morphological abnormalities were effectively improved. The present results suggest that thalidomide may exert these protective effects by upregulating p-AMPKα and inhibiting NF-κB/MCP-1 and TGF-β1/Smad3 signaling pathways.
β cell destruction and insulin secretory deficiency are the main pathological characteristics of STZ-induced diabetic rats. 23, 24 These rats develop symptoms similar to those in human diabetes, such as polydipsia, polyuria, hyperglycemia, and body weight loss. Meanwhile, renal injury develops under these conditions. In the present study, plasma glucose, BUN, SCr, K/W ratio, albuminuria, and 24-hour urine volume were significantly increased in diabetic rats. Accordingly, renal inflammation and structural abnormalities and fibrosis were greater than those in normal rats. These results suggest that this was a good model of DN. Notably, to avoid intrinsic nephrotoxic effects, we acquired data 4 weeks after STZ injection when the kidneys have recovered from the acute renal injury caused by STZ. [24] [25] [26] Thus, we assume that the renal damage in our model was solely due to the diabetic status.
In the present study, after diabetic rats were treated with thalidomide for 8 weeks, renal function parameters were markedly improved. Diabetic rats showed significant reductions in SCr, BUN, and albuminuria. Further, thalidomide treatment reduced renal inflammatory cytokines and histological injuries. However, thalidomide treatment did not reduce plasma glucose or body weight compared with those in the DC rats. These results suggest that the protective effect of thalidomide on DN is independent of glycemic regulation and body weight loss.
Chronic inflammation plays a pivotal role in the pathogenesis of DN. Various inflammatory molecules, such as adhesion molecules and proinflammatory cytokines, have been demonstrated to play significant roles in the setting of DN.
9,10 NF-κB, which has been recognized as a central signaling pathway in inflammation, is usually activated by a wide variety of stress stimuli, including diabetes, obesity, and oxidative stress. Activation of NF-κB can induce the transcription of many cytokines such as MCP-1, TNF-α, and the interleukin system. 27 Meanwhile, macrophage recruitment to the kidneys can be accelerated by the activation of MCP-1, and the activation of MCP-1 aggravates ECM accumulation by the production of TGF-β1. [28] [29] [30] The present study also found that NF-κB and MCP-1 expression were markedly increased in diabetic kidneys and dramatically reduced by treatment with thalidomide. These findings suggest that thalidomide may reduce renal inflammation in DN by negatively regulating the NF-κB signaling pathway.
Renal fibrosis is one of the main characteristics of DN. TGF-β1 is a pivotal mediator in the pathogenesis of DN. 31, 32 Smad proteins are central components of intracellular TGF-β1 signaling pathways in the progression of glomerulosclerosis. 33 Smad3 is one of the critical downstream mediators in renal fibrosis, and has been shown to be related to the upregulation of fibronectin and collagen IV in DN. 34, 35 Therefore, the regulation of Smads and TGF-β1 expression is an effective therapeutic strategy for DN. 35, 36 In our study, STZ-induced diabetic rats exhibited the high expression of TGF-β1, TβRI, TβRII, Smad3, collagen IV, and fibronectin. After thalidomide treatment, diabetic rats showed significant reductions in TGF-β1, TβRI, TβRII, Smad3, fibronectin, and collagen IV, accompanied by less renal injury compared with that in DC rats. These findings are consistent with previous studies in hypertensive nephropathy and obstructive nephropathy. 27, 37 Thus, the protective effect of thalidomide in DN may be associated with inhibition of the TGF-β1/Smad3 signaling pathway.
AMPK is an enzyme that takes part in the cellular response to energetic changes. 38 Prior reports have indicated that the activity of AMPK is reduced in diabetic kidney through multiple pathways. 39, 40 Recent studies have demonstrated that the reduction of p-AMPK promotes the synthesis of abnormal ECM protein and kidney hypertrophy by upregulating mammalian target of rapamycin activity and the TGF-β1/ Smad4 signaling pathway. 41, 42 The activation of AMPK also plays an important role in reducing TGF-β1 production in type 1 diabetic renal injury. 43 Furthermore, previous studies have shown that NF-κB activation can be inhibited by the activation of AMPK. 44, 45 Therefore, AMPK may serve as a target for the treatment of DN. Consistent with previous Drug Design, Development and Therapy 2018:12 submit your manuscript | www.dovepress.com
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renal-protective effect of thalidomide studies, p-AMPKα expression was markedly reduced and renal inflammation and fibrosis were activated in diabetic rats in the present study. However, after thalidomide treatment, p-AMPKα expression was significantly increased and renal inflammation and fibrosis were markedly reduced, independent of serum glucose levels. Further studies are needed to investigate the mechanism of thalidomide on the AMPK signaling pathway.
In summary, the present study provided the first in vivo evidence that thalidomide reduces renal inflammation and fibrosis through the activation of AMPKα, and the inhibition of NF-κB/MCP-1 and TGF-β1/Smad3 signaling in the kidneys of diabetic rats (Figure 7) . These results suggest that activation of AMPKα by thalidomide may be a promising target for reducing diabetic renal damage. However, before further clinical investigations, more studies on the molecular mechanism are needed to clarify how exactly thalidomide activates AMPKα in DN.
